The development of quantum photonic information technology demands high-quality photon sources. Here we demonstrate a low-noise and high-speed photon source generated by the spontaneous four-wave mixing process in a micro/nanofiber (MNF). The pair generation in a MNF is tailorable by controlling its diameter and designed for creating signal and idler photons in the silicon-based detector wavelength range, yielding high detection efficiency and coincidence count rate. This MNF photon source can be coupled to other fiber systems with negligible coupling loss and can be efficiently exploited as fiberbased quantum light sources for quantum information applications. Robust, versatile, and bright photon sources are essential for the emerging field of quantum-enhanced technologies such as quantum communications [1, 2] , quantum teleportation [3] [4] [5] [6] , and quantum cryptography [7] [8] [9] . Over the past few decades, the spontaneous parametric down-conversion (SPDC)-based χ 2 nonlinear birefringent crystals such as beta-barium borate crystals have been used for quantum optics experiments [10] [11] [12] [13] [14] [15] , and their high nonlinear coefficients and straightforward handling in experiments have made the crystals as the preferred photon sources for a long time. Despite these useful properties, as the SPDC scheme is mostly operational in the free space environment, it faces a challenge of high coupling loss when connecting the source to other fiber-based systems in practical applications, including long-distance communication system [16] . As an alternate candidate, the spontaneous four-wave mixing (SFWM)-based photon sources implemented in optical fibers have been extensively investigated, as the generated photons can be readily transported by connecting the photon sources directly to fiber-based systems with lowcoupling loss [17] [18] [19] [20] .
Robust, versatile, and bright photon sources are essential for the emerging field of quantum-enhanced technologies such as quantum communications [1, 2] , quantum teleportation [3] [4] [5] [6] , and quantum cryptography [7] [8] [9] . Over the past few decades, the spontaneous parametric down-conversion (SPDC)-based χ 2 nonlinear birefringent crystals such as beta-barium borate crystals have been used for quantum optics experiments [10] [11] [12] [13] [14] [15] , and their high nonlinear coefficients and straightforward handling in experiments have made the crystals as the preferred photon sources for a long time. Despite these useful properties, as the SPDC scheme is mostly operational in the free space environment, it faces a challenge of high coupling loss when connecting the source to other fiber-based systems in practical applications, including long-distance communication system [16] . As an alternate candidate, the spontaneous four-wave mixing (SFWM)-based photon sources implemented in optical fibers have been extensively investigated, as the generated photons can be readily transported by connecting the photon sources directly to fiber-based systems with lowcoupling loss [17] [18] [19] [20] .
Recently, an SFWM-based photon-pair source was demonstrated in a micro/nanofiber (MNF) [21] . The group-velocitydispersion properties of MNF depend on the material dispersion, as well as the waveguide dispersion that is tailorable with the waveguide dimension [22] . Due to its small optical mode area, the photon-pair generation coefficient of MNF enhances significantly, and strong pair creation has been observed in a short length of MNF. The idler photons at 1310 nm were detected by an InGaAs-based single-photon detector (SPD) that has typically a low quantum efficiency of 10% and a low count rate due to the SPD saturation effect. Therefore, the maximum coincidence counts in Ref. [21] were about 6 kHz at the average pump power of 10 mW. Note that the use of silicon-based SPDs will yield a higher coincidence count rate.
In this Letter, we demonstrate the photon-pair generation by an SFWM process in a 12 cm long MNF with a 615 nm diameter fabricated out of a standard single-mode fiber (SM600, Fibercore). The numerical simulations are performed to determine the waveguide dimension for obtaining photon pairs at desired wavelengths. For the 725 nm pump beam and the 615 nm MNF diameter, the signal and idler photons are generated at 632 and 850 nm, respectively, which can be detected by silicon-based SPDs with high quantum efficiency. Raman noise photons are significantly suppressed due to the large wavelength detuning between pump and signal/idler photons. As a result, we achieve a high coincidence count rate of 100 kHz at the average pump power of 2 mW with a coincidence-to-accidental ratio (CAR) value of 18 and a high CAR value of more than 400 with two-fold coincidence counts around 130 Hz at the average pump power of 70 μW.
The SFWM process is a third-order optical nonlinear process yielding the creation of signal/idler photons and the annihilation of two pump photons simultaneously. This SFWM process occurs by satisfying the energy conservation and phase-matching condition given by [20] ω s ω i 2ω p ,
where β jjp,s,i and ω jjp,s,i are the propagation constant and angular frequency of the pump, signal, and idler photons (ω s > ω p > ω i ), respectively. The 2γP p term represents the contribution of the self-phase modulation, where γ is the nonlinear coefficient of the fiber, and P p refers to the peak power of the pump laser. A eff is the effective mode area of fiber, and n 2 2 × 10 −20 m 2 ∕W refers to the second-order nonlinear index of silica that is the primary material of optical fibers. Due to the small area (2 × 10 −13 m 2 ), the nonlinear coefficient in the experiments is roughly 100 times larger than that of the standard SM600 fiber, and a large number of photon, therefore, can be generated in the relatively short length of 12 cm.
Both the material dispersion and the waveguide dispersion contribute to the optical dispersion of a waveguide, and the waveguide dimension strongly varies the waveguide dispersion. Therefore, the wavelengths of signal and idler photons in the MNF can be designed by changing the diameter of an MNF for the desired experimental environment. To determine an optimum diameter, we numerically calculated the effective refractive index and group-velocity-dispersion parameter of MNFs for various diameters by assuming a straightforward aircladding structure [22] , and then the phase-matching curves are obtained from the solution of Eqs. (1) and (2) for various MNF diameters as seen in Fig. 1 (a). When the reasonable peak pump power (∼1 W) is taken into account, the self-phase modulation term, 2γP p , contributes the phase-matching condition that makes two different regions in the normal dispersion regime. In the wavelength region far from the pump, the phase-matched wavelengths are weakly power dependent. Near the pump wavelength indicated as the black dotted line in Fig. 1(a) , on the other hand, the generated wavelengths are close to the pump wavelength, but the wavelength separation between the signal and idler photons increases as the pump power increases [23] .
Using a pump laser at 725 nm and the MNF with the 615 nm diameter, the signal and the idler photons can be generated at 632 and 850 nm, and the quantum efficiencies of the silicon-based SPDs are 70% and 50%, respectively. Furthermore, background noise photons created by spontaneous Raman scattering (spRS) effects can be considerably reduced, even at the room temperature due to the large detuning from the pump wavelength [24, 25] . The Raman spectrum was measured using an optical spectrum analyzer, a pump light at 725 nm, and a 5 m standard single-mode fiber (SM600) which is identical that of the MNFs fabricated in this Letter, having indistinguishable Raman spectra with tapered MNFs. Short-pass filters and long-pass filters are used in sequence to block the pump light while recording the spectrum using the optical spectrum analyzer as seen in Fig. 1(b) . The purple and blue pillars and dashed line indicate the signal, idler, and pump wavelengths at 632, 850, and 725 nm, respectively. The results prove that the spRS photons are feeble at the signal and idler wavelengths, inducing low Raman noise photons.
A single-mode fiber (SM600, Fibercore) is heated and adiabatically pulled by two programmable fiber-pulling stages and a flame with oxygen/hydrogen mixture which is regulated by a mass flow controller [26, 27] . The MNF diameter is measured by using the diffraction pattern analysis method [28] . As a result, the 12 cm long MNF was produced with the uniform diameter of 615 nm. Figure 2(a) shows the diameter profile of an MNF fabricated under similar tapering conditions. The mean value of the measured diameters over the 13 points on the uniform tapered waist is 616.8 nm with a standard deviation of 17 nm. The inset in Fig. 2(a) shows the scanning electron microscope image of a section of a fabricated MNF.
The experimental setup is shown in Fig. 2(b) . The pump source is a femtosecond mode-locked pulsed laser (MIRA, coherent) operating at a 725 nm-center wavelength with a repetition rate of 78 MHz. The average pump power is regulated by a quarter-wave plate, a half-wave plate, and a polarization beam splitter. Before coupling the pump light to the MNF, the pump beam passes through a spectral filter of 1 nm full width at half-maximum (FWHM) to remove unwanted photons, and the pulse duration after this filter is about 550 fs assuming the sech 2 -shape pulses. Since the generated signal and idler powers are much weaker than the pump power, the pump should be blocked for reliable detection of signal and idler photons. By using long-pass filters and short-pass filters, the pump, signal, and idler photons are split into three paths. Additional bandpass filters at 632 and 850 nm with a 10 nm FWHM help to further suppress the residual pump photons and the total isolation of the pump light is more than 190 dB. The signal and idler photons are then measured with silicon-based SPD1 and SPD2 (Excellitas), which have the quantum efficiency of about 70% and 50% at 632 and 850 nm, respectively. Their temporal correlation of the detection events is measured by the time-correlated singlephoton counting device (quTAU, qutools).
Figures 3(a) and 3(b) show the individual single counting rate of the signal and idler photons against the pump power. The single count rates include the contributions of spRS noise photons and detector dark counts, as well as SFWM photons. The generation rate of the SFWM photon pairs is proportional to the square of the peak pump power, while that of spRS noise photons is linearly dependent on the peak pump power [20, 24, 29] , and the dark counts are irrelevant to the pump power. To distinguish each contribution in the single counting rate, the quadratic polynomial models, N s D s s 1 P a s 2 P 2 a and N i D i i 1 P a i 2 P 2 a , are fitted to the experimental data of the signal and idler ports, respectively. The fitting coefficients s 1 and i 1 are the strengths of spRS contributions, and s 2 and i 2 indicate the strengths of SFWM contributions in the signal and idler ports, respectively. D s and D i represent the dark counts of the signal and idler detectors having about 150 Hz.
As shown in Figs. 3(a) and 3(b) , the solid blue squares represent the measured single count rates of the signal and idler ports, and the solid red lines are the fit curves. The extracted coefficients are s 1 0.0097 MHz∕mW, s 2 0.1385 MHz∕mW 2 , i 1 0.2046 MHz∕mW, and i 2 0.0825 MHz∕mW 2 . The spRS contribution in the idler port is higher than that of the signal port (i 1 > s 1 ), as the probability of the Stokes Raman scattering is higher than that of the anti-Stokes Raman scattering [24, [29] [30] [31] .
In both Figs. 3(a) and 3(b) , individual contributions to the single counting rates from SFWM and spRS are displayed as the solid black and dashed black curves, respectively. The contribution from the dark counting is not shown in the figures, as it is negligible compared to the single counting rates. The SFWM contribution in the signal port is dominant due to the low Raman-based photon generation. The fitting coefficient s 2 of detected signal photons is larger than that i 2 of idler photons, indicating that the idler photons experience higher loss than signal photons. The plausible explanation for the different losses of the signal and idler ports is that the signal and idler photons experience different transmittance by the uncontrolled mode excitation in the adiabatic tapering regions [32] . The estimated transmittances of the MNF are 50% and 35% for the signal and idler photons, respectively. When we consider the quantum efficiencies of SPDs for the signal and idler wavelengths (70% and 50%), the overall efficiencies of the signal and idler ports are 31% and 20%, respectively. Figure 3(c) shows that the measured coincidence counts as the average pump power and the quadratic polynomial fits to data. The fitting result is dominantly proportional to the square of the pump power, indicating that the most of the coincidence events originate from the SFWM photon pairs [20] . The high coincidence count of about 100 kHz is achieved at a pump power of 2 mW (a peak pump power of 46.5 W) with silicon-based SPDs and high detection efficiency of the system >20%. Compared with other SFWM-based quantum light sources, our system shows an unprecedented coincidence count and total detection efficiency [19, 21, [33] [34] [35] . The vertical error bar in Figs. 3(a)-3(c) represents the shot noise assuming a Poisson distribution of photons, but it is much smaller than the data markers.
In order to verify the quantum correlations between signal and idler photons generated in an MNF, the coincidence counts and accidental coincidence counts as seen in Fig. 3(c) are measured by recording the two-fold coincidence for the signal and idler photons generated by identical and different pulses, respectively. The two-fold coincidence counts at the same pump pulse include not only the coincidences between the correlated signal/idler photons, but also the accidental coincidences caused by photons from multiple pairs, the spRS noise photons, and the detector dark counts. The CARs are calculated from the measured data as seen in Fig. 3(d) . The largest value of CAR is 405 at a pump power of 70 μW (a peak pump power of 1.6 W) with 127 Hz coincidence counts. In addition, a decent CAR value of 18 is achieved with about 100 kHz coincidence counts at a relatively high pump power of 2 mW (a peak pump power of 46.5 W). The vertical error bar in Fig. 3(d) is calculated from the shot noise of the data in Fig. 3(c) . As the pump power increases, the CAR value gradually decreases due to the increase of accidental counting rates by multiple photon-pair generation and the combination of spRS photons and SFWM photons at a higher pump power.
In conclusion, we have demonstrated the generation of photon pairs by the SFWM process with high CAR values in a tapered 12 cm long MNF. The MNF photon-pair source is designed to work in the silicon-based detector wavelength range. The visible photon-pair generation has been investigated using crystals by SPDC causing significant development in quantum optics and quantum information technologies, but it has large loss when coupling to fiber systems. Recently, pair generations in the silicon-based detector wavelength range are reported in birefringent polarization maintaining fibers and photonic crystal fibers by SFWM [18, 36, 37] . In the case of birefrigent micro-structured fibers, small but non-zero optical coupling loss occurs when connecting to other optical fiber systems. The MNF scheme demonstrated in this Letter, however, creates photons in the silicon-based detector wavelength range and is able to be seamlessly spliced to other fiber-based quantum systems without polarization dependence. The MNF system can be a fiber-based, efficient, and wavelength-controllable quantum light source, and the experimental results prove that the MNF scheme with silicon-based SPDs can be efficiently exploited as efficient quantum light sources for quantum information applications.
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